This study examined whether the practice of incorporating either tetrazolium red or tetrazolium violet dye into plaque assay medium deleteriously influences plaque assay titers. Representative members of six different virus families were studied: Cystoviridae (4)6), Leviviridae (MS2), Microviridae (+X174), Myoviridae (T2), Podoviridae (P22), and Siphoviridae (Denver, Ti, and VD13). Each of the members of the Podoviridae and Siphoviridae families appeared to be suppressed by either one or both dyes at a 300-,ug/ml concentration. The chosen representatives of the other bacteriophage families were not suppressed by either dye at a 300-,Ig/ml concentration. Subsequent trials revealed no suppression of Podoviridae or Siphoviridae plaque assay titers when members of these virus families were tested with the same two dyes at the lower concentrations of 150 and 50 ,ug/ml. Interestingly, the bacteriophage families whose members were affected by the dyes have additional commonality in that they are the two bacteriophage families whose members possess both double-stranded DNA genomes and noncontractile tails.
Tetrazolium dyes are soluble as salts in water and relatively colorless when in their oxidized state, yet they become insoluble and highly colored when reduced. This class of dyes was discovered by Pechmann and Runge (14) . Eventually, Kuhn and Jerchel (8) discovered that bacteria were capable of reducing tetrazolium dyes to their corresponding formazans. This reduction has been shown by Mattson and coworkers (9) to result from an enzymatic reaction associated with living cells. Somerson and Morton (16) used this knowledge by incorporating tetrazolium salts into bacterial agar medium. These authors discovered that while growth of their test bacterial organisms was inhibited by a final dye concentration of 1 mg/ml, most bacterial strains were able to grow in medium containing 500 ,ug of dye per ml (16) . Pattee (12) employed tetrazolium red dye (2,3,5-triphenyltetrazolium chloride) as a liquid stain to enhance visibility of bacteriophage plaques. This was done by applying the stain to the top of agar medium at the end of a customary plaque formation assay. The applied stain remained oxidized and therefore clear in the plaque areas and was reduced to its red formazan in the areas of viable bacterial lawn. Eventually, Fraser and Crum (3) incorporated tetrazolium dye directly into agar medium for performing plaque assays of mycoplasma bacteriophage. The final dye concentration used by Fraser and Crum was 460 ,ug/ml.
During the intervening 19 years since the publication of Fraser and Crum's technique (3), it has become common to incorporate tetrazolium red and also tetrazolium violet (2,5-diphenyl-3[alpha-naphthyl]-tetrazolium chloride) dyes into the agar medium used for performing bacteriophage plaque formation assays. More recently, published dye concentrations range from 300 (15) to 50 (1) ,ug/ml. During the same intervening time period, Misra and coworkers (10, 11) coworkers are virus specific, and the compounds did not affect vaccinia virus (10, 11) . On the basis of these findings by Misra and coworkers, we decided to determine whether the use of tetrazolium dyes as medium additives has a suppressive effect upon bacteriophage plaque assay titers.
The bacteriophages and corresponding bacterial host strains used in this study were Bacteriophage plaque formation assays were performed in 10-cm-diameter petri plates, using the traditional double-layer agar technique described by Hershey et al. (6) . The bottom Values are the results of five independently conducted trials. b Three criteria had to be met for us to state that the dye suppressed viral titer. First, the mean of the ratio values for that virus type had to be below 0.85, indicating more than 15% suppression on average. Second, the median of the titer ratio values for that virus type also had to be below 0.85, indicating that the titer was reduced by 15% or more in at least half of the trials. Third, in 80% of the trials (i.e., four of five), the titer ratio had to be less than 0.95, indicating that the titer was reduced by at least 5%.
c The actual value was 0.04, which would have rounded off to 0.0. Rather than present a value of 0.0 for a standard deviation, which would suggest that all ratio values had been identical, and therefore might have been confusing, we chose to list a value of <0.1.
agar layer consisted of modified LB medium containing 1% agar (Bacto agar; Difco). The top agar layer was based on modified LB medium containing 0.8% agar, termed top agar medium. The top agar layer for each plate consisted of 3 ml of top agar medium containing 0.25 to 1.5 ml (per 100 ml) of a 2% (wt/vol) filter-sterilized aqueous solution of either tetrazolium red dye (T-8877; Sigma Chemical Co., St. Louis, Mo.), tetrazolium violet dye (T-0138; Sigma), or filter-sterilized distilled water used as a "without dye" control reagent; 1 ml of bacteriophage diluted in modified LB medium; and 0.2 ml of a fresh culture of bacterial host in modified LB medium. Addition of either dye solution or water as a control reagent to the top agar medium was made after the top agar medium had been autoclaved. Fresh bacterial host cultures for use in the bacteriophage assays were produced by inoculation of frozen host culture into modified LB medium, followed by either overnight incubation (approximately 14 h) at 37°C in the case of all host organisms other than P. syringae or 48 h of incubation at 24°C for P. syringae. Incubation of the assay plates to allow plaque formation was performed for 16 h at 37°C in the case of all host organisms other than P. syringae, for which the assay plates were incubated for 48 h at 24°C. Viral titers were calculated as PFU per milliliter of the diluted bacteriophage.
Stock bacteriophage preparations for use in assays were prepared by a technique similar to that described by Hershey et al. (6) . Assay dishes showing confluent lysis were each flooded with 5 ml of modified LB medium. Following 2 h of incubation at room temperature, the petri plates were swirled gently. The liquid medium was then aspirated off the top agar layer by pipette, filter sterilized, and stored at either 4°C in the case of 46 or -70°C in the case of all other bacteriophages used in this study. The top agar medium used for preparing stock bacteriophage preparations did not contain any tetrazolium dye.
Determining the sensitivity of each of the different bacteriophages to tetrazolium red dye and tetrazolium violet dye was done by means of a plaque formation assay. For each assay date, testing was done by a factorial design, using a single batch of top agar medium which had been divided into three aliquots. These three aliquots were supplemented, respectively, with the same volume of either tetrazolium red dye solution, tetrazolium violet dye solution, or distilled water used as a control. For every trial, titers of at least three dilution levels of the indicated bacteriophage were determined, with each dilution plated in triplicate using each of the three types of top agar layers (medium with red dye, violet dye, or filter-sterilized distilled water added as a control reagent). For each trial, an average titer was thus obtained for assay without dye, assay with red dye, and assay with violet dye. Titer ratios were calculated for each trial reflecting the effect of red dye (titer with red dye divided by titer without dye) and the effect of violet dye (titer with violet dye divided by titer without dye). Five independent trials were performed for each combination of virus type and dye concentration. The results of the five trials are given in Tables 1 and 2 . The criteria established for determining suppression of any individual virus type were that a reduction in viral titer of more than 5% (ratio, <0.95) had to occur in four of five independent replicate trials for that virus type and that both the mean and median of the five ratio values representing the trials for that virus type had to be below 0.85. The technique used for this type of data analysis has been described by Hurst et al. (7) .
Replication of the representatives of the Cystoviridae (q6), Leviviridae (MS2), Microviridae (+X174), and Myoviridae (T2) families was unaffected by either the red (Table 1) or the violet  (Table 2 ) dye at a final dye concentration of 300 ,ug/ml. Replication of the representative of the Podoviridae family, P22, was suppressed by 300 ,ug of the red dye per ml but not by 300 jig of the violet dye per ml. Our initially selected representative of the Siphoviridae family, Ti, was suppressed by both dyes at the 300-,ug/ml concentration. Because of the observed suppressive effect upon Ti, we also performed the same type of examination with two additional members of the Siphoviridae family, Denver and VD13. As shown in Tables 1 and 2 , at 300 ,ug/ml, the replication of Denver phage was suppressed by the violet dye but not the red dye; conversely, replication of VD13 was suppressed by the red dye but not the violet dye. We then examined the effect of two lower concentrations of the same two tetrazolium dyes upon bacteriophage assay titers: 150 ,ug/ml, which is slightly higher than the 130 ,ug/ml recommended in Standard Methods for the Examination of Water and Wastewater (5); and 50 ,ug/ml, which was used by Berman et al. (1) and represents the lowest dye concentration which we found reported in the literature for this type of assay. For this examination, we used only the representatives of Podoviridae and Siphoviridae since the other viruses had not been suppressed by the 300-,ug/ml concentration of dye. None of the viruses were suppressed by 150 ,ug of either red or violet dye per ml. Likewise, none of these viruses was suppressed Table 2 for phage T2) at the 300-,ug/ml concentration or as much as a 30 to 40% reduction, which happened in some instances at the 150-and 50-,ug/ml concentrations.
The findings from this study indicate that incorporation of tetrazolium dyes into the medium used for performing bacteriophage plaque formation assays can result in titer suppression depending upon the bacteriophage strain being examined, the choice of red versus violet dye, and the concentration of dye used. It was interesting to note that the chosen members of only the Podoviridae and Siphoviridae families were affected by one or both dyes at the 300-,ug/ml concentration. We cannot ignore the possibility that additional members of the other bacteriophage families that we did not examine might have demonstrated sensitivity to the tetrazolium dyes. Nevertheless, bacteriophage are currently categorized into families on the basis of their morphology, and the two families whose members demonstrated sensitivity to one or another of the dyes have taxonomic similarity in that they are the same two bacteriophage families whose members share the two traits of having double-stranded DNA genomes and noncontractile tails. This morphological commonality may suggest possible sites of action at which these dyes affect viral replication. The other existing bacteriophage morphological families have either double-stranded DNA with contractile tails, single-stranded DNA genomes, or RNA genomes.
The possibility that the suppressive effects caused by the dyes resulted from effects upon the bacterial host cells rather than effects upon the bacteriophages was controlled for by using the same bacterial host strain to assay more than a single strain of bacteriophage. We used E. coli CN-13 as host for both XX174, which was unaffected by either dye, and Ti, which was suppressed by both dyes at the 300-,ug/ml concentration. Also, we used E. coli C-3000 as host for both MS2, which was unaffected by either dye, and Denver, which was suppressed by the violet dye but not the red dye at the 300-,ug/ml concentration.
Our results indicate that using a tetrazolium red or tetrazolium violet dye concentration of 300 ,ug/ml will suppress replication of members of some bacteriophage morphological families. Our results further suggest that the 130-,ug/ml concentration of dye recommended in Standard Methods for the Examination of Water and Wastewater (5) will not prove deleterious to the detection of bacteriophage and that the 50-,ug/ml concentration of dye used by Berman et al. (1) is even less likely to have a deleterious effect upon bacteriophage assay titers. The higher 300-,ug/ml concentration of dye used by Sobsey et al. (15) probably would not have had a deleterious effect upon their work because they examined members of the Leviviridae family.
